Understanding the transport history and fate of organic carbon (OC) within river systems is crucial in order to constrain the dynamics and significance of land-ocean interactions as a component of the global carbon cycle. Fluvial export and burial of terrestrial OC in marine sediments influences atmospheric CO 2 over a range of timescales, while river-dominated sedimentary sequences can provide valuable archives of paleoenvironmental information. While there is abundant evidence that the association of organic matter (OM) with minerals exerts an important influence on its stability as well as hydrodynamic behavior in aquatic systems, there is a paucity of information on where such associations form and how they evolve during fluvial transport. Here, we track total organic carbon (TOC) and terrestrial biomarker concentrations (plant wax-derived long-chain fatty acids (FA), branched glycerol dialkyl glycerol tetraethers (brGDGTs) and lignin-derived phenols) in sediments collected along the entire course of the Danube River system in the context of sedimentological parameters. Mineral-specific surface area-normalized biomarker and TOC concentrations show a systematic decrease from the upper to the lower Danube basin. Changes in OM loading of the available mineral phase correspond to a net decrease of 70-80% of different biomolecular components. Ranges for biomarker loadings on Danube River sediments, corresponding to 0.4-1.5 lg FA /m 2 for long-chain (n-C 24-32 ) fatty acids and 17-71 ng brGDGT /m 2 for brGDGTs, are proposed as a benchmark for comparison with other systems. We propose that normalizing TOC as well as biomarker concentrations to mineral surface area provides valuable quantitative constraints on OM dynamics and organo-mineral interactions during fluvial transport from terrigenous source to oceanic sink.
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INTRODUCTION
Rivers form a key connection between continental and marine carbon pools, exporting 210 Mt of dissolved organic carbon (DOC) and 170 Mt particulate organic carbon (POC) annually (Ludwig et al., 1996) . Marine burial of terrestrial biospheric carbon in fluvially-derived sediments exerts strong control on the atmospheric O 2 /CO 2 balance (Burdige, 2005; Berner, 2006) , and can yield continuous records of past continental vegetation and climate dynamics. Constraints on the origin and evolution of biospheric organic carbon (OC) signals transported by rivers is a necessary prerequisite for comprehensive understanding of the manner in which past and present variations in the amount and composition of terrestrially-derived OC reaching and accumulating in ocean sediments reflects drainage basin dynamics (Blair et al., 2004) .
A major fraction of riverine POC is associated with mineral particles (Keil et al., 1997; Keil and Mayer, 2014) , particularly fine-grained minerals (e.g. phyllosilicates) due to their large surface area (SA) and sorptive capacity (Keil and Mayer, 2014) . Close associations between OM and high SA mineral phases are known to develop in soils (Sorensen, 1981; Baldock and Skjemstad, 2000; von Lü tzow et al., 2006) , where the latter have been suggested to serve a stabilizing role, protecting OC from further degradation (von Lü tzow et al., 2006) and thereby slowing carbon turnover (e.g. Torn et al., 1997; Vogel et al., 2015) .
Upon erosion of mineral soils and outcropping rock formations, particulate matter is introduced to and transported within river catchments, and ultimately discharged to the ocean. Due to their hydrodynamic properties, finegrained high-SA minerals predominately contribute to the amount of suspended OC that is transported from land to ocean (Tesi et al., 2016) . Several studies report a positive correlation between total organic carbon content (TOC) and SA in river sediments (Keil et al., 1997; Galy et al., 2008; Tao et al., 2015; Vonk et al., 2015) as well as in river-dominated continental margin sediments (e.g., Mayer et al., 1988; Mayer, 1994; Goni et al., 2003; Blair and Aller, 2012) . However, few studies have investigated the evolution of OC loadings (TOC/SA ratios) along the axis of a river system. Keil et al. (1997) found no systematic variation in TOC/SA loading on suspended particulate matter among three sampling locations from the lower 1800 km of the Amazon River and two delta samples, and suggested that suspended sediments transport OC at similar loadings throughout the Amazon catchment. Vonk et al. (2015) , on the other hand, observed a decrease in TOC loadings during riverine sediment transport through the Mackenzie delta, coupled with preferential deposition of coarser fractions. A recent synthesis of data from river-dominated continental margin sediments revealed that OC loadings generally fall in the range between 0.4 and 1 mg OC /m 2 , with higher (>1 mg OC /m 2 ) and lower (<0.4 mg OC /m 2 ) loadings interpreted in terms of shorter and longer oxygen exposure times prior and subsequent to deposition, respectively (Blair and Aller, 2012) .
While organo-mineral interactions appear to exert a key influence on OM dynamics in soils, fluvial particles, and river-dominated ocean sediments, the extent to which mineral-associated OM moves conservatively from source to sink, or evolves during transit remains unclear due to other confounding processes that challenge interpretation of these relationships. One complication is that erosion of OC-rich sedimentary rocks adds C that is intrinsic to the particles and unrelated to mineral surface loadings of river sediments. Further, variations in flow conditions and associated hydrodynamic sorting of particles according to grain size and other properties (density, shape) influence the OC concentrations in aquatic sediments, rendering it challenging to evaluate the fate of OM cascading through the soil-river-ocean continuum.
With respect to the latter issue, mineral-specific SA may serve as a promising property against which to normalize OC abundance (Hedges and Keil, 1995; Keil et al., 1997) , thereby obviating OC concentration variations driven by hydrodynamic processes. In order to more directly trace the fate of terrestrial OM and quantify potential changes in loadings, additional diagnostic power is needed. Source-specific biomolecular marker compounds have proven valuable as diagnostic tracers of OM inputs to soils, river and ocean sediments (e.g. Galy et al., 2011; Tesi et al., 2014; Griepentrog et al., 2015) , enabling signals of vegetation and soil carbon to be traced free of interference from other carbon sources (e.g., petrogenic inputs, withinriver productivity) (Eglinton and Eglinton, 2008; Thevenot et al., 2010; Schouten et al., 2013) . As such, biomarker abundances, distributions and isotopic compositions in river-influenced sedimentary sequences now form the basis for numerous paleoenvironmental and paleoclimatological studies (e.g., Kastner and Goni, 2003; Schefuss et al., 2005; Weijers et al., 2007; Bendle et al., 2010; Sanchi et al., 2014) .
Despite their diagnostic power, our understanding of the mode and efficacy of biomolecular signal transfer from source to sink remains rudimentary. In particular, we presently have limited knowledge of biomarker dynamics within river networks. While there is a growing number of studies of biomolecular loadings in continental margin sediments (e.g. Goni et al., 2013; Brö der et al., 2016a Brö der et al., , 2016b Tesi et al., 2016) , corresponding investigations of riverine sediments are currently sparse (Goni et al., 2005; Tao et al., 2015) , and have not focused on the longitudinal evolution of biomolecular signals along a river network. Moreover, the evolution of particle loadings of different biomolecular signals within river basins currently remains unexplored.
In this study, we have undertaken a detailed investigation of OM loadings on sediments within a major river system. In addition to TOC loadings, we determined loadings of biomarkers specific to soil (i.e., branched glycerol dialkyl glycerol tetraethers (brGDGTs)) and higher plants (i.e., long-chain plant wax fatty acids (FAs) and lignin phenols) in a suite of Danube River sediments collected from the headwaters to the delta. The observed evolution of TOC and biomarker loadings within the Danube River is discussed in the context of signals ultimately exported to the Black Sea, and more broadly in defining benchmark ranges for biomolecular loadings on river particles.
STUDY AREA
With a length of 2850 km and a catchment area of 801,500 km 2 , the Danube River (Fig. 1) is the largest river of the European Union. The Danube is sourced from the Black Forest in southern Germany at an elevation of about 1000 m a.s.l and drains into the Black Sea with an average discharge of 6500 m 3 /s (ICPDR, 2005) . The Danube catchment is typically divided into four sub-basins: (1) the upper basin from the source to the Gate of Devin downstream of Vienna at the confluence with the Morava River, where the foothills of the Eastern Alps and the Small Carpathians meet (ICPDR, 2005) ; (2) the middle basin from the Gate of Devin to the Iron Gate reservoir, where the Danube cuts the Carpathian mountains; (3) the lower basin from the Iron Gates to the beginning of the delta and (4) the delta region where the Danube mainstream splits into three main arms, forming a large wetland area (675,000 ha; ICPDR, 2005) .
The Danube primarily drains the Mesozoic Alpine ranges outcropping crystalline rocks, limestones, flysch and molasse (e.g., Alps, Carpathians, Dinarics and Balkans together with their foothills) and intermountain plains such as the Pannonian and Romanian plains (e.g., Schiller et al., 2010) . In addition, mostly crystalline Paleozoic plateaus are located in the upper basin (e.g., Schwarzwald Massif, Bohemian-Moravian Upland) and near the mouth (i.e., Dobrogea). The south-western part of the pre-Paleozoic Russian Platform is drained by Danube tributaries crossing the Moldavian Plateau. Easily erodible loess covers most of the intermountain plains and plateaus especially in the mid and lower parts of the basin (Haase et al., 2007) .
Mountainous soils in the Danube basin developed on crystalline or Mesozoic limestone bedrock. In high mountainous regions, rock-derived syrozems and leptosols with little humus predominate (Schiller et al., 2010) . Below these high altitudes, cambisols and podzol-cambisols occur due to higher temperatures and denser vegetation cover. In low altitudes, deeper soils evolved on loose, Cenozoic sediment and alluvium fills. In river valleys and plains, floodplain soils developed, whereas cambisols, podzolcambisols and podzols characterize non-flooded areas, and luvisols formed on loess. Chernozems predominate in the plains of the lower Danube basin (Schiller et al., 2010) . the sampling campaign was extended to include sediment sampling of the Inn River, the largest tributary to the Danube in the upper basin, discharging about 65% more water than the Danube at the confluence. In this study, the term ''river sediment" is used for fine-grained sediment (<1 mm grain size) that was recently deposited on the riverbanks or in hydrological quiescent locations in shallow water during decreasing water level of the previous high water event. Coarser and heavy minerals are preferentially deposited during sediment settling (e.g. Garzanti et al., 2009 ) and therefore, the deposited river sediment mineralogy is likely enhanced in coarse and heavy components compared to the overall suspended load. However, the coarser, denser and lower surface area riverbank sediment also exhibit lower OC concentration compared to actual sampling of suspended sediment (Fig. A1 ), most likely resulting in overall comparable OC loadings in suspended-and bank sediments when normalized to surface area. We therefore assume that bank sediment loadings are good representatives of the overall river sediment OC loadings. Spanning a stretch of $2200 km, 20 sites along the Danube mainstem and 12 tributaries were sampled between Passau (Germany) and the Black Sea. The sampling strategy included the collection of one freshly deposited river sediment sample at each of the 12 largest tributaries (Inn, Enns, Morava, Vah, Drava, Tisa, Sava, Velika Morava, Jiu, Olt, Siret, Prut) close to the confluence with the Danube as well as at the Danube mainstem both upstream and 5-10 km downstream of each major tributary confluence. In addition, nine sites along the Inn River and five smaller tributaries to the Inn were sampled in 2014. During the 2013 sampling campaign, a heavy rain event in the upper basin caused a 100-year flood in the upper and middle basin (Blö schl et al., 2013; Grams et al., 2014; ICPDR, 2014) . Mostly sandy flood deposits rendered it impossible to find fine sediment at several planned locations in the upper and middle basin. Moreover, shortly before the second sampling campaign in 2014, another >100-year flood occurred, this time in the lower Sava catchment (ICPDR & ISRBC, 2015) . However, this latter event, while locally catastrophic, did not interfere with the sampling. At each sampling location where freshly deposited fine sediment was abundant, ca. 2 kg sediment was collected with a shovel and stored in zip lock bags at À20°C until further treatment.
Sample treatment, extraction, measurements

Samples
For this study, the 32 sediment samples from the Danube sampling in 2013 were analyzed for SA, TOC, FA, lignin-derived phenols, brGDGTs and mineralogy. In addition, 30 samples from the 2014 Danube field campaign were analyzed for SA and TOC, and a subset of samples from 2014 was analyzed for biomarkers (6 FA, 6 lignin phenols, 7 brGDGTs). The 14 Inn River samples were analyzed for SA, TOC, FA, lignin phenols, and brGDGTs (see Appendix B).
Sieving
Bulk river sediments were wet sieved with MilliQ water over 200 lm and 63 lm sieves on a shaking table in order to remove coarse particles and organic debris. The resulting <63 lm fraction was freeze-dried and kept frozen until further work-up.
Sedimentological parameters
For SA and grain size (GS) measurements, OM in the sediment fine fraction (<63 lm) was removed by combustion (12 h, 450°C, cool down 40°C/h). Before SA measurement, samples were degassed under vacuum (>2h, 350°C) to remove any remaining water. SA was measured with N 2 using the BET method with a 5-point adsorption isotherm (p/p 0 = 0.05-0.3) on a NOVA 4000 surface area analyzer (Keil et al., 1997) . For GS distribution measurement, the sediment was dispersed in sodium polyphosphate (1 g/L) overnight and subsequently measured under ultrasonication on a Malvern Mastersizer 2000.
Sediment mineralogy
For XRD measurements, 1 g of the <63 lm fraction of Danube 2013 sediments was wet-milled in ethanol to <20 lm using a McCrone Micronising mill. The resulting <20 lm fraction was dried overnight (60°C) and further powdered and homogenized using a mini mill (Pulverisette 23). Randomly oriented powdered specimens and textured specimens were subsequently prepared. For randomly oriented powder specimens, the powdered material was introduced into a sample holder for packing and forming a flat surface using a razor blade, which minimizes preferential orientation (Zhang et al., 2003) . Textured specimens show enhanced intensity of the basal reflexes of phyllosilicates thereby facilitating their identification following changes in the reflex positions in the XRD pattern after different treatments. The textured specimens were measured in air dry state, after ethylene glycol saturation (stored in ethylene glycol atmosphere at 60°C for 15 h; for smectite identification) and after combustion (550°C, 2 h; for kaolinite identification). On a subset of five samples, textured specimens were additionally treated with formamide (measured after 30 min and after 3 h; to distinguish halloysite, kaolinite and chlorite), and with guanidine carbonate (saturated solution; identification of vermiculite). XRD measurements were performed on a Bruker AXS D8 Theta-Theta diffractometer with a SolX detector using Co Ka radiation. The irradiated sample length was holding constant at 18 mm using an automatic h-compensating divergence slit. Powdered specimens were measured from 2 to 80°2h with a step size of 0.02°for 4 s/step counting time. Textured specimens were measured from 2 to 30°2h with step size of 0.02°for 5 s/step. The qualitative phase composition was determined with the software DIFFRACplus (BRUKER AXS). On the basis of the peak position and their relative intensity, the mineral phases were identified in comparison to the PDF-2 database (International Centre for Diffraction Data). Quantification of minerals was achieved with BGMN/AutoQuan software using Rietveld refinement (Bergmann and Kleeberg, 1998) .
TOC and bulk
14 C measurements Aliquots of the <63 mm sediment fractions were placed in Ag boats and de-carbonated in a desiccator under HCl vapor (60°C, 3 d), followed by neutralization with NaOH (60°C 3 d) (Hedges and Stern, 1984; Komada et al., 2008) . The samples together with the silver boats were wrapped in tin boats and TOC was measured on a Vario MICRO cube elemental analyzer (Elementar Analysensysteme GmbH). For 14 C measurement of the 2013 apex sample, the resulting CO 2 from the EA combustion was collected, graphitized with an Automated Graphitisation Equipment system (AGE; Nemec et al., 2010; Wacker et al., 2010) and the 14 C contents of the graphite was measured on a Mini radioCarbon Dating System (MICADAS; Synal et al., 2007; Christl et al., 2013) .
14 C of de-carbonated 2014 sample was measured with an on-line EA-IRMS-AMS system . TOC and bulk 14 C were measured at the Laboratory for Ion Beam Physics at ETH Zü rich.
Lipid analysis
30-50 g of each dry fine-grained (<63 lm) river sediment sample was microwave extracted with dichloromethane/ methanol (DCM/MeOH 9:1 v:v, 25 min at 100°C). The resulting total lipid extract was saponified with KOH in MeOH (0.5 M, 2 h at 70°C). After the addition of 5 ml MilliQ water with NaCl, a neutral phase was obtained by liquid/liquid extraction with hexane (Hex). An acid fraction was then obtained from the aqueous phase after acidification to pH 2 with HCl by liquid/liquid extraction with Hex:DCM (4:1 v:v).
Fatty acids (FA): The fatty acids (in the acid fraction) were converted to fatty acid methyl esters (FAMEs) with MeOH:HCl (95:5 v:v, 12-18 h, at 70°C). The FAME fraction was purified in two steps. First over a SiO 2 column with NaSO 4 , eluting with (1) Hex, (2) DCM:Hex (2:1 v:v) and (3) DCM. The resulting fraction (2), containing the FAMEs, was passed over an AgNO 3 -SiO 2 column using (1) DCM and (2) ethyl acetate to remove unsaturated FAMEs. FAMEs were measured on a gas chromatograph with a flame ionization detector (GC-FID; Agilent Technologies 7890A) equipped with an Agilent VF-1 ms column (30 m Â 250 mm ID Â 0.25 mm film thickness). The temperature program started with a 1 min hold time at 50°C, followed by a 10°C/min ramp to 320°C and a 5 min hold time 320°C. FAMEs were quantified against an external FAME standard (Supelco, n-C 4-24 even carbon saturated FAMEs) and are reported as long chain FA concentrations (sum n-C 24-32 , even C numbers).
brGDGTs: The preparation of a brGDGT fraction from the neutral phase and its subsequent measurement is described in Freymond et al. (2017) . The brGDGT concentration data reported here were acquired with the 'classic' method, i.e. without the separation of 5-methyl and 6-methyl brGDGT isomers, using an HPLC-APCI-MS equipped with a Grace Prevail cyano column (150 mm Â 2.1 mm, 3 mm) Freymond et al., 2017) . This form of data is presented so that all available Danube catchment data, including samples that were not measured with the 'improved chromatography' method, could be used. As shown in Freymond et al. (2017) , brGDGT concentrations measured with the two methods correlate strongly (r 2 = 0.95, p-value <0.05), although the 'classic' method gives on average 34% higher values than the 'improved chromatography' method. For proxy calculation see Freymond et al. (2017) .
Lignin analysis
Lignin phenols were released by microwave-assisted alkaline CuO oxidation (Goni and Montgomery, 2000) . In short, about 100 mg cupric oxide, 50 mg ferrous ammonium sulfate, and 100 mg of pre-solvent-extracted finegrained (<63 lm) sediment sample were combined in ca. 30 ml 2N NaOH solution (deoxygenated with N 2 gas for a minimum of five minutes) in Teflon microwave tubes and the vessels were sealed with a N 2 headspace. The microwave system was run with a 30-min ramp time and 90 min holding at 150°C. After oxidation, the alkaline solution was siphoned off and the residue rinsed at least three times with NaOH, or until the solution was clear. Then, 10 mL of internal standard (ethylvanillin, trans-cinnamic acid, 1 mg/mL) was added to each sample. The samples were acidified to pH 2 using 37% HCl. Following addition of MilliQ water with NaCl, the phenols were extracted three times with ethyl acetate. To remove water, NaSO 4 was added to the vials until it did not clump. The extracts (in ethyl acetate) were dried under a stream of N 2 and subsequently derivatized with 50 mL of BSTFA and 50 mL pyridine (70°C, 30 min.).
Lignin phenols were separated and quantified on a GC-FID (Agilent Technologies 7890A) equipped with an Agilent HP-1 ms column (60 m Â 250 mm ID Â 0.25 mm film thickness). The temperature program was set as follows: after an initial hold time of 1.5 min at 70°C, temperature was ramped at 30°C/min to 115°C, followed by a 3°C/min ramp to 230°C, a 40°C/min ramp to 320°C and a 10 min hold time at 320°C. Lignin phenols were quantified against the two internal standards (ethylvanillin to quantify vanillin and syringaldehyde; trans-cinnamic acid to quantify acetovanillone, vanillic acid, acetosyringone, syringic acid, p-coumaric acid, ferulic acid). Concentrations reported in this study correspond to the sum of the eight lignin phenols (acetovanillone, syringaldehyde, vanillic acid, acetosyringone, syringic acid, p-coumaric acid, ferulic acid).
Data analysis
The statistic program R (R Core Team, 2014) was used for data analysis and visualization. Relationships between different parameters were assessed by linear regression models where p-values <0.05 were considered to be significant.
RESULTS
Sediment fine-fraction characteristics
Mineral SA values along the Inn and Danube mainstream (Fig. 2a) (Fig. 2b ) varies from about 6 mm to 25 mm and shows an evolution inverse to SA. Linear regression between SA and GS yields an r 2 = 0.6 (p-value <0.05). Illite and smectite are the phyllosilicates with the largest SA identified in the Danube sediments (BET SA of illite: 20 m 2 /g (N 2 -BET measurement, Dogan et al., 2007) and smectite: 50-130 m 2 /g (N 2 -BET measurement, Kaufhold et al., 2010) ). The swelling capacity of smectite further increases the available mineral surface area in the interlayer space. The sum of these two minerals (Fig. A2 ) increases in the mainstem sediments from 13 wt% of total sediment fine fraction in the upper Danube basin to 25 wt% at the beginning of the Iron Gate Reservoir, and 30 wt% downstream of the reservoir, followed by a decrease to 15 wt% at the mouth of the river. Illite + smectite content of the tributaries follow this evolution, and range from 6 wt% to 33 wt%. Due to their similar evolution along the river, illite + smectite content exhibits a significant correlation with sediment SA (r 2 = 0.62, p-value <0.05; Figs. A2 and 2a). Kaolinite content shows a similar evolution along the Danube to that of illite + smectite, with increasing values from the upper basin to the beginning of the lower basin, followed by a decrease towards the delta. However, the kaolinite content is lower than illite and smectite, ranging from 0 to 8% (Appendix B). On a weight basis, the adsorption capacity of phyllosilicates increases in the order of kaolinite < illite < smectite (Saidy et al., 2013; Nguyen and Marschner, 2016; Singh et al., 2016) , especially in the pH range of Danube River water of about 8 (JDS3, 2013; Chotzen et al., 2016) , rendering illite + smectite the main drivers in the sorption of OC in Danube sediments. Quantitative data for all minerals are listed in Appendix B.
The most common sediment pretreatment for SA measurements in environmental and geological studies involves the removal of OM either by wet chemical oxidation (e.g. Keil et al., 1994; Mayer, 1994; Ransom et al., 1998) or thermal treatment (e.g. Bao et al., 2016; Coppola et al., 2007; Wakeham et al., 2009) . OM removal eliminates a low-density component from the sample, which exhibits a low nitrogen-based SA (mostly < 1 m 2 /g, less frequently 1-20 m 2 /g; Chiou et al., 1990; Pennell et al., 1995) . The removal of this component leads to a concentration of the mineral mass, which results in an increase or decrease in the mass-normalized mineral SA. Thermal treatment at low temperatures ( 150°C) results in a decrease in mineral SA (Kaufhold et al., 2010; Valter and Plö tze, 2013) . Generally, this loss of mineral SA is observed for various phyllosilicates over a continuous range of temperatures (<600°C; e.g. Noyan et al., 2006; Plesingerova et al., 2011) . Most studies reporting thermally-treated mineral SA data have heated sediment samples at 350°C. A concern is the efficacy of OM removal at 350°C due to the formation of charred residues (Masiello, 2004; Wakeham et al., 2009 ) and thermally recalcitrant OM components (i.e. petrogenic carbon; Hemingway et al., 2017) . Chars may exhibit variable and potentially high SA (>50 m 2 /g; e.g. Downie et al., 2009 ) and lead to an overestimate of the mineral SA (Wakeham et al., 2009 ). The lithogenic nature of the fluvial sediment samples at hand warranted a higher temperature treatment (450°C) to ameliorate this effect. While results from the present study are internally consistent, caution should be exercised in comparison of SA across studies that have employed different methods and investigated different matrices.
TOC, fatty acid, brGDGT and lignin concentrations
TOC values of Inn and Danube mainstem sediments (Fig. 3a) increase from 0.25% in the Inn basin to 2.04% in the Iron Gate reservoir and show a decrease after the dam to 0.50% at the mouth. Tributaries follow the same trend and range between 0.40% and 2.30%.
Long-chain FA (n-C 24-32 ), as well as brGDGT and lignin concentrations (Figs. 4a, 5a and 6a) correlate with TOC ( Fig. 3a) (Fig. 4a) , brGDGT concentrations from 0.03 to 3.09 mg/g dw (Fig. 5a ) and lignin concentrations from 1.7 to 283.9 mg/g dw (Fig. 6a) . FA concentrations normalized to TOC content (Fig. 4b ) range between 0.40 and 2.55 mg/g OC , showing relatively constant values along the Inn and Danube (average, 0.96 ± 0.40 mg/g OC ). BrGDGT concentrations normalized to TOC (Fig. 5b) increase along the Inn River from 7.7 to 29.1 mg/g OC and remain at roughly constant levels along the Danube mainstem, though differing between sampling campaigns (2013 average, 51.8 ± 16.6 mg/g OC ; 2014 average, 103.3 ± 35.5 mg/g OC ). In contrast to FAs and brGDGTs, lignin concentrations normalized to TOC (Fig. 6b) show an increase from 0.48 mg/g OC at the Inn River headwaters to 15.3 mg/g OC upstream of the Iron Gates Reservoir, followed by decreasing values after the dams.
Normalizing TOC to SA (Fig. 3b) FA (Fig. 4c) , brGDGT ( Fig. 5c ) and lignin ( Fig. 6c ) loadings of Danube mainstem sediments also exhibit a general decrease with distance along the river, albeit with greater scatter (r 2 = 0.46, 0.38 and 0.51, respectively; p-values <0.05). Calculated decreases from the uppermost mainstem location in the upper basin to the most downstream location in the lower basin are as follows: 70% for FAs (corresponding to À36 ng FA /m 2 per 100 km); 81% for brGDGTs (À3.1 ng brGDGT /m 2 per 100 km); 82% for lignin (À400 ng lignin /m 2 per 100 km). The Inn River shows a weak trend to increasing FA and lignin loadings whereas the brGDGT loadings increase linearly (r 2 = 0.79, p-value <0.05, excluding the outlier at km = 2707).
Cross-plotting TOC versus SA (Fig. 7a) into the typical suspended sediment window. Thus, TOC/ SA values of river mainstem sediments appear to develop along an elliptical orbit (depicted in Fig. 7e ), moving clockwise from close to the origin in headwater samples and returning to similar coordinates in the plot for delta samples (Fig. 7a) . FA, brGDGT and lignin phenol concentrations when plotted against SA (Fig. 7b-d) show a similar pattern to that of TOC, albeit with greater scatter and slightly varying ''orbits" (Fig. 7a-e) .
DISCUSSION
Concept of mineral surface area normalization
OC and biomarker concentrations in fluvial and other sediments are typically normalized to sediment dry weight (dw), however, this approach does not account for changes in mineral composition and hydrological sorting effects in aquatic systems (Blair and Aller, 2012) . For biomarker concentrations, this issue can be at least partially obviated by normalizing to TOC content, however quantitative information is lost concerning how OC and specific biomarker concentrations vary as a function of the overall suspended sediment load. By normalizing OC and biomarker concentrations to mineral SA, OC and biomarker loadings are created, taking the mineral composition as well as hydrological sorting effects into account. Coarse particles with little SA and low OC and biomarker concentrations result in similar OC/SA ratios as fine particles with high SA and high OC and biomarker concentration. Keil et al. (1997) used SA as a quasi-conservative property in order to study OM loss and replacement on mineral surfaces of riverine particulate matter in estuarine and deltaic systems. With the assumption that SA is a conservative parameter and that most particulate OC is associated with mineral surfaces, changes in TOC loading should reflect the net exchange of carbon on mineral surfaces (Keil et al., 1997) . For this study, the river sediments were sieved to <63 lm with the goal of excluding any large plant debris (that may be derived from local riverbank erosion) and reducing grain size variations. Grain size variations within this clay/silt fraction do persist, as revealed by the gradual decrease in median GS towards the delta, together with a corresponding increase in SA (Fig. 2) . Our basin-wide quantification of phyllosilicate contents (i.e., illite + smectite; Fig. A2 ) also shows an increase in the proportion of the high SA clay minerals illite + smectite relative to total sediment weight from the upper basin to the beginning of the lower basin. In general, mainstem sediments of a large river like the Danube River represent the sum of tributary inputs along the river, contributing to the sediment signal by adding mineralogical signals reflective of their respective catchments. Seen from the terminus of the river, the mineralogy of the exported river sediment and the corresponding SA represents an integrated signal of the evolving signal along the flow path (Martin and Meybeck, 1979) . However, corresponding SA along a river potentially not only changes due to tributary inputs but could also be affected by different processes. The abrasion of coarse mineral grains during transport decreases with decreasing grain size. In large sand bed rivers, abrasion is generally small but might be more important in the uppermost parts of the catchment (Frings, 2008) . Further, the formation of secondary phyllosilicates in temporary traps (e.g., bars and floodplains) would add new high SA particles to the sediment. This process is difficult to quantify, however, in case of the Danube, natural floodplains are scarce due to river regulation. In Danube tributaries sediments, both SA values (Fig. 2a) phyllosilicate concentrations (Fig. A2) follow a similar increasing trend from the upper to the lower Danube basin and show a significant correlation (r 2 = 0.62, p-value <0.05). The increase in SA can mostly be explained by the increase in phyllosilicate content, suggesting that inputs from middle and lower basin tributaries are the main driver for the observed SA trend. Therefore, we suggest that SA serves as a useful property against which to assess potential variations in OM loading, and we argue that this property is likely to be more constant than others used for assessment of changes in OM concentrations.
Biomolecular loadings on river sediments
Blair and Aller (2012) adopted the concept of general ranges in SA normalized OC loadings of continental margin sediments that was first developed by Mayer (1994) , and found a ratio of 0.4-1 mg OC /m 2 to be representative of river-dominated continental margin sediments. We apply this concept to recent Danube River sediments, and find that they mostly plot within this ''typical" river suspended sediment range, but follow a distinct pattern along the course of the river as described in the following, and also depicted in Fig. 7e . Sediments with higher OC/SA ratio (at the upper end of the window) -defined by Blair and Aller (2012) as freshly deposited with short oxygen exposure time -are located in the upper basin and at the beginning of the middle basin of the catchment. Moving downstream, OC/SA ratios decrease and corresponding sediments plot towards the lower end of the window. Some sediments, mostly from the lower basin, have lower OC/SA ratios than the typical river suspended sediment window (i.e., <0.4 mg/m 2 ), which according to Blair and Aller (2012) would imply that the associated OM has been subject to protracted oxygen exposure.
Here, we extend this same concept with respect to the concentration of three established groups of biomolecular tracer compounds: FAs, brGDGTs and lignin-derived phenols. We find a similar clustering as for TOC, and similar headwater-to-delta evolutionary trajectories (Fig. 7a-e) . Based on these patterns, we propose windows reflecting ''typical" river suspended sediment for FA and brGDGT loadings for the Danube River system (Fig. 7b and c) . The Danube TOC loading (TOC/SA) data is fitted by a log-normal distribution and the range of characteristic river loadings is defined as covering 68% around the mean of the 2 ) may reflect the fact that the sediments in the present study are actual river sediments and thus subject to less degradation than river-influenced continental margin sediments. Accordingly, windows for FAs and brGDGTs were defined similarly (dashed lines in Fig. 7b and c) . For long-chain (n-C 24-32 ) FAs, we therefore define 0.4-1.5 lg FA /m 2 and for brGDGTs 17-71 ng brGDGT /m 2 as ranges for Danube River biomarker loadings ( Fig. 7b and c) . Lignin-derived phenols display less systematic behavior, as indicated by greater scatter when concentrations are plotted with respect to SA (Fig. 7d) . We attribute this to the presence of lignin both as discrete (woody) debris and associated with mineral surfaces. Additionally, lignin as a structural polymer is present in the particulate as well as in the dissolved phase due to the weaker hydrophobicity than for example fatty acids or other long alkyl chain lipids, potentially further weakening the correlation between lignin and mineral surface area. The higher TOC-and SA-normalized lignin concentrations in the middle basin compared to the other biomarkers ( Fig. 6b and c) is consistent with enhanced deposition of litter/debris due to slower water velocity upstream of the Iron Gate dam.
Evolution of organic carbon loadings within the river basin
In the Inn tributary and Danube mainstem, organic carbon, as well as biomarker loadings evolve in a distinct pattern from the headwaters towards the Black Sea, which is further discussed below (Figs. 3b, 4c, 5c and 6c) .
From the alpine source in the upper basin (2484 m a.s.l) to the confluence with the Danube ($300 m a.s.l), Inn River OC loadings increase, and this is followed by a linear decrease along the Danube mainstem to the delta that forms the interface to the Black Sea.
Loading increase along the alpine tributary
The initial increase in OM loadings is most pronounced for the brGDGT soil biomarkers (Fig. 5c) , and is consistent with the extent of soil coverage and formation. The highest elevations of the Inn catchment are devoid of soils, and transition to shallow, barely developed soils and then to thicker soil profiles with fully developed A, B and C horizons with decreasing elevation (Fig. 1) . Loadings of the higher plant markers (lignin-derived phenols and especially FAs; Figs. 6c and 4c) and of TOC (Fig. 3b) exhibit greater scatter. Lignin is presumably present in varying proportions as discrete woody debris in coarser fractions, as well as in dissolved, and mineral-bound form, likely accounting for the weaker correlation with mineral surface area compared to FAs, which are mainly associated with the mineral phase (Chen and Tarachitzky, 2009; Jex et al., 2014) . In contrast to [mineral-bound] plant wax FAs (Wiesenberg et al., 2010) , surface runoff of vegetation and litter may be an important vector for supply of lignin to the river (Feng et al., 2013) . The scatter of FA loadings in the alpine subcatchment likely partially reflects variability in tributary catchments, gradients in soil development (thickness), as well as higher erosion rates at higher elevations due to steeper slopes and therefore higher energy processes. Since the latter would limit timescales for formation of organomineral associations and enhance the export of coarser (rock) particles with low SA, a greater proportion of OC may be transported as discrete debris and not associated with mineral surfaces. Generally, stochastic erosion processes in high elevations tend to induce a higher variability in signals (Smith et al., 2013) . A further consideration is the gradient in vegetation abundance and type within the Inn catchment; Grasses predominate in the highest parts of the catchment above the tree line, and vegetation biomass increases down to the confluence with the Danube, potentially contributing to higher biomolecular and TOC loadings further downstream. Scatter in TOC loadings in the upper Inn catchment (Fig. 3b ) likely derive from a relatively OC-rich sedimentary rock formation the Inn incises (Bü ndnerschiefer; Waibel and Frisch, 1989) . Erosion of this material may entrain fossil OC independent of grain size.
Loading decrease along the Danube mainstem
The Inn carries about 65% more water than the Danube mainstem at their confluence (Sommerwerk et al., 2009 ) and about five times more total suspended solids, which is mainly inorganic in content (ICPDR, 2008) . The alpine tributary water mass mixes with the Danube River, with the latter sourced in the Black Forest at lower elevation (ca. 1000 m a.s.l) and likely carrying a different organic carbon and biomarker signal. From this point onwards, the TOC, FA, brGDGT and lignin loadings decrease linearly with distance downstream (Figs. 3b and 4c, 5c and 6c) . Material from well-developed soils is continuously added to the river sediment load. In soils, fresh biomass is preferentially degraded while organic molecules sorbed to minerals, primarily phyllosilicates, are more persistent (von Lü tzow et al., 2006) . However, although the clay content of topsoil in the catchment generally increases from the upper to the lower basin (Fig. A3) , the OM loadings on these minerals decrease. This trend is followed by tributaries, which exhibit lower loadings further downstream in the catchment (Fig. 3b and 4c, 5c and 6c ). This suggests that a more continental climate (ICPDR, 2005) and/or flatter topography in the lower reaches of the catchment (i.e., slower transfer times from the landscape into the river) enhance reworking and degradation of OM in soils, leading to more degraded OC contributing to fluvial sediments. Additionally, erosion of low OC/high SA loess or other pre-Holocene sedimentary rock deposits, mainly in the middle and lower basins (Kostic and Protic, 2000; Haase et al., 2007; Hatte et al., 2013; Zech et al., 2013; Jipa, 2014) likely contribute to the decreasing loadings in Danube sediments. In this context, the distinctive pattern exhibited by the Inn and Danube sediments in Fig. 7 -with upper basin locations at the upper end of the 'typical river sediment' loading range, and lower basin locations at the lower loading endimplies that sediments along this large river transect can be envisioned as a gradient of short (fresher OC) to long (more degraded OC) exposure times of terrestrial OM to oxic conditions on the landscape (i.e., in soils) and/or during fluvial transport. Thus, projecting loadings within this type of graphical framework (Fig. 7) may prove useful for examination of longitudinal trends in fluvial systems.
The addition of low OC/high SA loess material from middle and lower basin tributaries likely contributes to a decrease in the loadings of Danube mainstem sediments. However, in comparison to the Danube mainstem, the addition of sediment with low OC loadings from these tributaries (especially those in the lower basin) is too small to lower the mainstem loadings to the observed extent (Fig. A4) . Another process that potentially could lead to decreasing loadings is POC/DOC exchange and loss of POC into the DOC pool. However, the brGDGT-derived temperature signal in the river sediment changes in line with the local conditions at the sampling locations with no evidence for significant addition of in-river produced brGDGTs, as shown in Freymond et al. (2017) . These local brGDGT proxy values in river sediment evolve together with the decrease in loadings (Fig. 8) , what speaks against POC/DOC exchange as main process. This rather implies that new material carrying local information is added to the sediment and therefore, at least a portion of the upstream signal has to be removed to produce such a local signal. Furthermore, it is unlikely that highly hydrophobic (and therefore particle-reactive) molecules such as long-chain FAs will accumulate in the dissolved phase whereas it is clear that the mineral-associated concentration decreases. A local plant wax fatty acid signature corresponding to the altitude of the sampling location was also found in the Madre de Dios River, and was partly attributed to degradation and net loss of the upstream signal (Ponton et al., 2014) . Therefore, we conclude that degradation processes contribute to the observed decrease in OC and biomarker loadings in the lower reaches. The large decrease of OC (70-80%) along the river system ( Fig. 3b and 4c, 5c and 6c) suggests that not only fresh and free organic carbon is remineralized, but mineralassociated carbon also seems to be degraded during transport. Radiocarbon measurement of TOC for sediment samples from the apex of the delta yielded a 14 C age of about 2000 years (Fig. A1e) , consistent with protracted entrainment in deposition and resuspension cycles during fluvial transport accompanied by aging and degradation of OC and/or dilution with pre-aged, low OC loading loess material. The smaller decrease of FA loadings (70%) compared to brGDGTs (81%) suggests that FAs are more closely associated with SA. Therefore, while organo-mineral interactions likely suppress degradation and to some degree protect mineral-bound OM from remineralization, our findings show that organo-mineral associations within river systems are clearly dynamic and evolve throughout the river network. Further constraints on the composition, provenance and age of specific organic components in river sediment as well as suspended sediment are needed in order to shed further light on the evolution of OM during fluvial transport.
Our study ends at the terminus of the Danube River, and thus the fate of fluvially-derived sedimentary OM upon discharge to the Black Sea remains an open question. Freymond et al. (2017) . In red, the initial buildup of brGDGT loadings with increasing temperature (and therefore decreasing altitude) is visible, followed by increasing temperatures with decreasing loadings along the Danube mainstem. Symbol color and shape correspond to those in Figs. 1 and 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Nevertheless, the strong decrease in loading over a 2000 km tract of one of the largest rivers on Earth implies that degradation of particulate OC is significant during transit, and that export of OM from terrigenous primary production to the ocean for such rivers may be dominated by lower basin inputs. In this context, OM preserved in riverdominated shelf sediments may not reflect integrated signals for the entire catchment, but rather is weighted towards its lower reaches, with implications for carbon budgets and interpretation of sedimentary archives.
